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fn = f0 + nfr (2.1)
???????????fr?????????f0????????????????
????????????Carrier-Envelope Oset:CEO?????????????








































? (2.4)?????????' = 2f0=fr?????E(t+ )?E(t)???????

















2fn = 2f0 + 2nfr (2.6)
?????????????? 2n????????????????


















Cn expfj [2(f0 + nfr)t+ 'n]g (2.9)








????????????? (Cn = 1=
p
N)???????????????????



















??????????? 2.3????? (2.11)???t = s=fr = s(2nL=c)?(s =






















































divD = 0 (2.16)




D = "0E + P
= "0E + PL + PNL (2.18)
????????"0???????????????2.14???2.15???2.16?????
????????














PL(r; t) = "0
Z 1
 1
(1)(t  t0)E(r; t0)dt0 (2.21)
?????????????????? t????????? t????? t0???
???????????E(r; t0)??????????? (1)(t   t0)???????
???????????????????????????????t0 < 0???
(1)(t  t0) = 0??? [33]??????????PNL??????????(2)???
PNL(r; t) = "0
ZZ 1
 1



















x^ [PNL(r; t) exp(j!0t) + c:c:] (2.25)
 ?????P ?E ????????????????????????????????????
????????
10 ? 2. ??????
~E(r; !   !0)?E(r; t)ej!0t???????
~E(r; !   !0) =
Z 1
 1
E(r; t) exp [ j(!   !0)] dt (2.26)
????? (2.21)?(2.24)? (2.26)??????????????
~PL(r; !   !0) = "0 ~(1)xx (!) ~E(r; !   !0) (2.27)
??? ? ~PNL(r; ! !0)????????????PNL?????????????
????????
~PNL(r; !   !0) = "0"NL ~E(r; !   !0) (2.28)
"NL????????????????????????????????????
????????? x??????????? x????
"NL =  n4xE sin(!rt  krz) (2.29)
???????????n?????E????????????????????
??n????






$ (j!)n ~F (!) (2.31)
???????
r2 ~E(r; !   !0) + "(!)!
2
c2
~E(r; !   !0) = 0 (2.32)
??????????"(!) = 1 + ~(1)xx (!) + "NL???????????
~E(r; !   !0) = ~E(z; !   !0) exp( jk0z) (2.33)
?????? ~E(z; ! !0)? z?????????????????k0 = n(!0)!0=c?










=  j [k(!)  k0 +k] ~E (2.34)
 ???????? [34]
f1(t)  f2(t) =
Z 1
 1
f1(t  )f2()dt$ ~F1(!) ~F2(!)
????f1(t)$ ~F1(!)?f2(t)$ ~F2(!)????
2.2. ?????????????? 11
????k(!) = n(!)!=c?k = n!=c????k(!)? !0???????????
? k2????????
k(!) ' k0 + (!   !0)k1 + 1
2













































































= +jm sin(!rT )E(z; T ) (2.40)
12 ? 2. ??????
??????E(0; T )??????
E(z; T ) = E(0; T ) exp [jmz sin(!rT )] (2.41)
??????mz = M ????exp [jM sin(!rT )]?????????????
exp [jM sin(!rT )] = fJ0(M)
+J1(M) exp(j!rT ) + J 1(M) exp( j!rT )
+J2(M) exp(j2!rT ) + J 2(M) exp( j2!rT )
+J3(M) exp(j3!rT ) + J 3(M) exp( j3!rT )



















? fr?????????? (Free Spectral Range:FSR)??????????????
????????M ?????????EOM?????????????????
?? n??????????????Eon(t)?
Eo0(t) = T exp [jM sin(2frt)]Ei exp(j2f0t)














T exp [jM sin(2frt)]









1 +R2   2R cosf2M sin(2frt)g (2.45)
?????????????t?????



















exp(j4Mfrt)  j 2F sin(2Mfrt)
' Ei exp(j2f0t)
1  j4MFfrt (2.48)







1  j4MFfr(t  pfr )
+
1
1 + j4MFfr(t  2p 12fr )
)
Ei exp(j2f0t) (2.49)












ej!0tf(t) $ ~F (!   !0)
1X
n= 1























































































= Gh(k)k [1 + cos(kz)] (3.2)
????????










































































?????? SN??pN ??????????????? (Fellgett)??????






??????????????????????? n(m)?????? f1;n; f2;m?
f1;n = f0;1 + nfr;1 (3.13)
f2;m = f0;2 +mfr;2 (3.14)
????????????????????????f0?????????fr?
f0 = f0;1   f0;2 (3.15)
fr = fr;1   fr;2 (3.16)











(fIF = fS   fLO)??????????????????????????????













fbeat;p = f1;n   f2;m
= f0 + pfr (3.17)
????p = m = n???m 6= n???????????????????????
??????????????????????????????????????
??????????????????????? comb = Nfr;1?N ???????
22 ? 3. ?????????














????? (? 3.5)??????????????????????? 3.6? (a) ??
































????????????T ????????????? (eective time)????
?????????????T ???????????????????????











????????????N 0???????N 0   1??????????????
????






























???????????? fr = 100 MHz??????????fr = 1 kHz?
????? (3.22)?? 1 ms? 100 MHz??????????????????























? 3.8 fr;width  fr??????? ? 3.9 fr;width > fr???????
???? 330 m/s





















f1;n = f0 + nfr;1 (4.1)




fbeat;p = f1;n   f2;m
= pfr (4.3)
????????p = n = m???n 6= m???????????????fr?
























28 ? 4. ???????????????????????????


















???????? (PriTel??? FA-15)????? 20 mW???????????
??????????????????????????????????????
???????????????????????????????? [27]?
? 4.4(? 2.9) ???????????????????????????????
??????????????????????????????????????
?? (Anritsu???MS9710C)????????????????????????
? 4.5 ????? (12C2H2)? 1.5 m???????? [41]





???? [41]??????????? 4.6 ???????????????????





? MS2661C)???????????????????fr = 150 kHz??????
???????? 4.7? (a)?(b) ?????? 4.7? (a)?????????????











?????????????????????? 4.7? (a)? 4 MHz???????
4.2. ??????????? 31
(a) ???????? (b) 4 MHz????????
? 4.7 ???????????




























































Cm exp [jf(!0 +m!r;2)t+ '0 +m'r;2g] (4.6)
?????????????????? V (t)?????
V (t) / jE1 + E2j2
= jE1j2 + jE2j2 + jE1E2 + E1E2j (4.7)
????????????? (4.7)????????????????????




jCpj2 exp [j(p!rt+'0 + p'r)]








jCpj2 cos(p!rt+'0 + p'r)
+jC pj2 cos(p!rt '0 + p'r) (4.8)
??????????p = n = m????Cn ' Cm????????n 6= m???








jCpj2 cos('0) cos(p!rt+ p'r) (4.9)
34 ? 4. ???????????????????????????
? 4.10 ????????????
??????????????????????????????????????
????????????????jCpj = jC pj????? (4.9)????????
p!rt?????? cos('0)?????????????????????????
??????????????????????????????????????














(a) ??????? (b) ?????????????????
? 4.11 ????????????????





















????????????? 195.1293 THz???:1536.378 nm?????????
????? 4.14???????????????????????????????
???????? 4.14? (a)?????????????????????????
(a) ??????? (b) ???????
? 4.14 ???????????????
4.3. ?????????????????? 37











nm????????????? 4.15? (b)? f0? 195.1305 THz???:1536.369 nm?
????????????? 4.15? (a)???P17???????????????
(a) P17???????????? (b) P16????????????
? 4.16 ??????????????????????????
38 ? 4. ???????????????????????????
???????????P18???????????????????? 4.15? (b)
?? P16???????????????




















FPGA??????????? FFT? 65536?????????? 65536????
? FFT? FPGA???????????????? 655622????????FPGA
?????????? 120 MHz??? 1












????3.2????? 4.20???????????????????? 2 ms(=1/500)
????????? 4.20???????????????????????????
????????????????????????? 4.18???????? ???
(a) ??????? (b) ???????
? 4.19 ?????????????????????0.01 ms?
40 ? 4. ???????????????????????????
? 4.20 ??????????:10??????:100 Hz?
(a) 0.01 ms?? 1.2 ms?? (b) 1.2 ms?? 12 ms??
? 4.21 ????????????????/??????




???/????????????????????? 0.01 ms?? 9  10 2???
?? 12 ms??????? 5  10 3?????????????????????
(? 4.20)???????????2 ms???????? (12 ms)?????????
?????????????????? 4.20??????????????????
4.21? (b)??????????????????????? SN??Signal to Noise
ratio????????????????????????? SN? [27]??????
????13.9 W?????????300 W???? jd:0.15 nA???R:50 
???
4.3. ?????????????????? 41
(a) ??????? (b) ???????













? 4.23 ??????????????? (???:0.01 ms????:12 ms)
42 ? 4. ???????????????????????????
(a) ??????? (b) ???????















??????????????? f0? 195.1271 THz(??:1536.396 nm)?? 0.3 GHz
?? 195.1323 THz(??:1536.355 nm)????????????????????1
???? (12 ms)???????????????????????????????









? 4.25 ??????????????????? (????:12 ms)














 jCpj2 + jC pj2 cos('0) cos(p!rt+ p'r)























































????????????? !0 = =2????????????????????
???? (4.12)??



























46 ? 4. ???????????????????????????
????????<>????????????????????????????
??????????????????????????????????????

















 jCpj2 + jC pj2 cos('0) cos(p!rt+ p'r)
   jCpj2   jC pj2 sin('0) sin(p!rt+ p'r)
?????????????????????????? 4.29???????????
4.4. ??????????????????????? 47
? 4.29 '0????????? ? 4.30 ????????????
???????????????????????????NF???????????
LI-574A?????????????????Vbeat?????VLO = A cos(p!rt+')
???????????????????????
Vbeat(t) VLO(t) /
 jCpj2 + jC pj2 cos('0) cos(p!rt+ p'r)
A cos(p!rt+')
=
A (jCpj2 + jC pj2)
2

















(a) ?????????????? (b) ???????????????
? 4.32 ????
?????????????????????????????????????









































50 ? 4. ???????????????????????????













L?????????? c = 2L=c = a(2=!0)??a??????????????
? 4.35 ????? EOM?????
4.4. ??????????????????????? 51




























???????? 0c = c+c ???????????????????c????
????????????? 4.35????????????????????????
???????????????????????EOM???? exp [j(M sin(!rt))]



















































' M(2q + 1) sin






























???????????????? jJn(x)j????? x  n???????????
??n????????E(n)(t)????????
E(n)(t) ' TR(jnj M)=2MJn(n) exp [j f(!0 + n!r)t
 
















????????!0  !r??? !r????????
? (4.19)?????????????????????????????????
???????????????????????? ??????n? n????
???????? ??????????n+ 1? (n+ 1)?????? ????
?????????? 4.34??????????????????????????








??????????? f0? 195.2282 THz???????? fr? 6.25 GHz????
?????fr? 10 kHz?????M ? 0.4 rad????? 25 %????????
?????????????? 4.34???????????????????????
? (4.19)??????????? FSR???????????????? f0 0c??
????????M?????????????????????????????
? 4.36 ????????????????????????
 0c?????????? 0c = 0???  0c = a(2=!0) = 2=!r?????????









(a) ??????????? (b) ???????
? 4.37 ????????????????????????














? 3??????12C2H2? 1 + 3?? P16,P17,P18??????????????
??????????????????????????????????????
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